The computerized assessment of REF analysis is comparable to SPECT in predicting ischemia and a better predictor of significant stenosis than SPECT. This study also provides reference standard to define abnormal values.
Introduction
Coronary artery disease (CAD) is the leading cause of morbidity and mortality in the US [1] . Improved sub-millimeter spatial resolution and faster acquisition times for cardiac images have resulted in increased use of multidetector computed tomography (MDCT) scans in the evaluation of CAD. Higher contrast resolution and better anatomical details allow accurate assessment of CAD which is comparable to the invasive coronary angiography. The negative predictive value of MDCT in CAD detection has been shown to be above 97 % in multiple studies [2] [3] [4] .
The role of MDCT is limited not only to the evaluation of CAD, but it can also used for assessing structural and functional aspects of the heart [5, 6] providing important information regarding prognosis and choice of treatment options.
Ischemic heart disease may lead to decline in left ventricular function as measured by global left ventricular ejection fraction. However due to compensatory hyperkinesias in the normal segments [7, 8] , global ejection fraction may be normal in certain patients, thereby requiring an index which may be more indicative of regional myocardial function such as regional ejection fraction (REF) . REF can be determined using echocardiography, nuclear magnetic resonance imaging, contrast ventriculography, radionuclide techniques and SPECT [9] [10] [11] [12] [13] [14] . Current study looks at the possibility of using objective criteria for the assessment of REF using contrast enhanced sub-millimeter resolution MDCT scans. We aimed to provide a reference standard for REF using automated software from patients without any CAD and normal global and regional wall function. This reference standard will then be used to define abnormal REF in patients with CAD. We will then determine the diagnostic accuracy of the REF in detecting myocardial perfusion defects (PD) seen on images acquired using single photon emission computed tomography (SPECT). We will also compare the diagnostic accuracy of REF and SPECT in predicting significant stenosis ([50 %) of the coronary arteries.
Materials and methods

Study population
A retrospective analysis was performed on our data registry of patients who underwent MDCT angiography for evaluation of the CAD. Patients were divided into two groups: Control group used to determine reference values for the REF, Comparison group used to test the REF reference values derived from control group. Inclusion criteria for the control group were zero coronary artery calcium (CAC) score, retrospectively acquired MDCT images, normal wall motion, normal ejection fraction and absence of perfusion defects on the MDCT scans. Inclusion criteria for the comparison group were patients who underwent invasive coronary angiography (ICA), MDCT and SPECT imaging within 3 months time duration and presence of retrospectively acquired images. Exclusion criteria for the study were coronary artery bypass grafting, patients who failed to undergo all three tests in the comparison group, had interim revascularization between the studies. All subjects had signed the informed consent at the time of image acquisition for the use of their study for research purposes which was approved by the Institutional Review Board of our center.
MDCT image acquisition
All MDCT images were acquired using 64-multi-detector row Lightspeed VCT scanner (General Electric Healthcare, Milwaukie, Wisconsin). The details of the image acquisition were previously published [2] . All patients undergoing MDCT had non-contrast studies as a part of the protocol for CAC score measurement. Patients presenting with baseline heart rate [65 received oral beta blockers (metoprolol) in 50 mg increments up to a total dose of 100 mg. Intravenous administration was also allowed in the protocol at 5 mg increments to a total dose of 25 mg to achieve resting heart rate \65 beats per minute for better image quality. Following a scout X-ray of the chest, a timing bolus (usually 10-20 ml contrast) was performed to detect time to reach optimal contrast opacification in the axial image at a level immediately superior to the ostium of the left main artery. Nitroglycerine 0.4 mg sublingually was given immediately before contrast administration, Triple phase contrast protocol was used during image acquisition: 60 ml iodixanol, followed by 40 ml of 50:50 mixture of iodixanol and saline and followed by 50 ml of saline flush. The scans were acquired with 20 mm above the level of the left main artery to 20 mm below the inferior myocardial apex. The scan parameters for MDCT were 64 9 0.625 mm collimation, tube voltage 120 kV, and effective mA 350-780 mA. Radiation reduction algorithms using electrocardiography modulations were used to reduce radiation exposure (mA) during systole and end-diastole. After scan completion, multiphase reconstruction of the MDCT scans was performed, with reconstructed images from 5 to 95 % by 10 % increments. Estimated radiation exposure for retrospectively acquired images at our center is 8-12 mSV for retrospective studies.
All MDCT images were then transferred to workstation (AW Volume Share TM , GE Medical Systems, Milwaukee, WI) for 3-dimensional image analysis. Volume rendering and curved multi-planar reformations were used to evaluate the coronary vessels. Each vessel was assessed as normal (no stenosis), non-obstructive (luminal stenosis \50 %), and obstructive (luminal stenosis C50 %). Vessels 1.5 mm in diameter or larger were assessed. Two skilled cardiologists blinded to the clinical data assessed the coronary arteries separately.
SPECT image acquisition and analysis
A standard imaging protocol as endorsed by American Society of Nuclear Cardiology (ASNC) was used for all patients [15] . All patients underwent rest and stress imaging with technetium-99 m sestamibi (MIBI). Patients who could exercise underwent treadmill stress using the Bruce protocol to reach 85 % of maximum predicted heart rate. Patients who could not exercise underwent pharmacological stress test using dipyridamole @ 142 mg/kg/min infused over 4 min. Patients were asked to terminate betablocker 24 h prior to testing when desirable. For resting studies patients were injected with 9-10 mCi of technetium-99 m sestamibi and SPECT images were acquired 30-45 min after resting injection. All SPECT studies were acquired on a commercially available camera and computer using a 180 degree arc, high-resolution parallel-hole collimator; and 64 stops with 20 s per stop for a total imaging time of 25 min. All images were acquired using a 64 9 64 matrix. Patients underwent symptom limited exercise on Bruce protocol. At peak heart rate, 25-30 mCi of technetium-99 m sestamibi (dose was weight based) was injected. Patient then underwent post-stress SPECT image acquisition.
The post-stress and rest MIBI scans were interpreted using visual assessment of perfusion abnormalities by the two skilled physicians. All the readers were nuclear board certified and blinded to the results of CT. The short axis data were displayed in polar map format, with the maps divided into 4 and/or 17 segments model. The 17 segments were allocated to the territories of the different coronary arteries [16] . Gating was not performed in all the studies and thus regional wall motion was not assessed.
For the 4 segment model, the anterior and septal wall perfusion defects were allocated to the left anterior descending (LAD) coronary artery, the lateral defects were allocated to the left circumflex (LCX) coronary artery, and the inferior defects were allocated to (RCA) the right coronary artery(5) or LCX (if the area was supplied by left circumflex artery). For current study, we used 4 segments myocardial model to compare with the REF. Reversible perfusion defects were considered to represent myocardial ischemia. Fixed perfusion defects were considered to represent myocardial scars following infarction [17] . A partially reversible defect was defined as a fixed defect that increased in size during stress. Fixed and partially reversible defects were both taken as fixed defects.
Regional and global ejection fraction measurement by MDCT All REF and global left ventricular ejection fraction (LVEF) analyses were completed automatically using time volume analysis (TVA) protocol with TeraRecon computer (TeraRecon, Inc. CA). For control group, left ventricle was assessed visually for any wall motion abnormalities by an expert cardiologist. The abnormal wall motion was defined using a 4 point system as follows: normal wall motion-0, hypokinesis-1, akinesis-2 and dyskinesis-3. Patients with abnormal wall motion on visual assessment were excluded from further analysis. First, we identified images with the smallest and largest left ventricular diameter as end-systolic and end-diastolic images that were then uploaded to the TVA protocol. We used floating axis system to determine the REF. We identified the center of left ventricle for both end-systolic and end-diastolic images. With the TVA protocol, the short and long axial images can be displayed automatically. The LV top level was defined at the level of mitral valve annulus. After adjusting the long axial image to mid mitral valve level and depicting the level line, the LV can be separated from left atrium. The LV can depict from RV automatically by the difference of HU or manually. After defining the mitral valve annulus level, the level line was reset to exclude the left ventricular outflow tract on both end-systolic and end-diastolic images, so that the left ventricular myocardium is visible on 360°images on short axis images. After defining the left ventricle cavity on end-systolic and end-diastolic images, the computerized software provides end-systolic volume, end-diastolic vol- the sake of comparison with SPECT, the abnormal REF on MDCT images were extrapolated in three vessel territories (in RCA, LAD and LCX) as mentioned above for SPECT.
We selected 35 cases from control group to test the reproducibility of measurements by two experience readers. Reassessment of REF was performed by computerized analysis blinded to the each other's assessment. Interreader variability was assessed by the Parson's analysis (Fig. 2) .
Invasive coronary angiography (ICA)
All patients in the comparison group had ICA on the basis of clinical presentation and/or imaging findings decided by their cardiologists. Conventional coronary angiography was performed according to standard clinical protocols [18] . Multiple projections were acquired to discern the maximal coronary artery luminal narrowing. The investigators recorded the maximum stenosis in each vessel. Angiographic abnormalities were considered significant for 2 cut points ([50 or [70 % luminal diameter stenosis) in any epicardial coronary vessel. Coronary segment narrowing was described as 0 if no lesion, \50 % stenosis, 50-70 % stenosis, and greater than 70 % stenosis by means of quantitative coronary angiography, using a 15-segment AHA coronary tree model. For current study, we utilized [50 % luminal narrowing cutoff for analysis (Fig. 3) .
Statistics analysis
Demographic and clinical information of both groups will be compared using t test for continuous variables and Chi square test for the categorical variables. Values will be presented as mean ± standard deviation or percentages or numbers. The mean value of each segment REF for control group will then be plotted to determine the inter-segmental variation. The REF values two standard deviation below mean (mean-2SD) will be used as low border values for individual segment. To derive the reference standard, we will take ratio of individual segment mean low border value divided by the mean global LVEF. These reference standard values will then be used to define abnormal REF in comparison group patients. We will compute the sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of REF for the detection of PD on SPECT images and, diagnostic accuracy of REF and SPECT in detecting significant stenosis ([50 %) detected on ICA, in both patient-and vessel-based analysis in comparison group. An ROC analysis curve will be generated to look at the diagnostic accuracy of REF alone, stenosis alone and REF and stenosis combined to predict PD on SPECT. Inter-observer variability for computerized REF analysis will be calculated using Pearson correlation coefficient. The analysis was performed using SAS software version 9.13 (SAS, Cary, North Carolina, USA)''. Table 1 provides clinical and demographic information of both groups. The mean time interval between ICA and MDCT was 14.5 ± 15.4 (range 1-69 days) whereas the time interval between MDCT and SPECT was 19.7 ± 9.2 (range 1-90 days). In the control group, all the patients had Fig. 2 Showing 17 segments myocardial model used to define the myocardial segments along with the corresponding segment numbers used in Fig. 1 normal wall motion, no myocardial PD and zero CAC score. In the comparison group, there were 14 patients who were diagnosed as having no luminal narrowing and 22 patients with \50 % luminal narrowing on ICA. There were a total of 47 patients with [50 % luminal narrowing (18 patients with 50-70 % and 29 patients with [70 %) on ICA involving a total of 76 coronary arteries. On SPECT, there were 37 patients with PD on images; 22 with reversible defects and 17 with fixed defects with corresponding 49 vessels involved. Reversible defects were identified as ischemia, and fixed and partial fixed defects were identified as infarction. Both reversible and fixed defects were taken as ischemic disease. There were 36 patients involving 47 vessels with abnormal REF detected on MDCT images based on the reference standard derived from control group. The sensitivity, specificity, PPV and NPV of REF for predicting PD (ischemia and infarction) on SPECT for patient based and vessel based analysis are given in Table 2 . REF had a good diagnostic accuracy in predicting PD on SPECT (both fixed and reversible defects). The diagnostic accuracy was higher for fixed defects compared with the reversible PD in both patient and vessel based analysis (70 vs. 66 %, 88 vs. 85 %) respectively. The negative predictive value of REF in predicting SPECT PD was significantly higher in both patient and vessel based analysis (79-98 %). Table 3 [19] defined normal limits of REF using quantitative gated blood pool tomography in a group of 15 normal subjects. They used fixed versus floating axis system for determining the REF. In fixed axis system, geometric center of the left ventricle is defined for end-diastole which is used for endsystolic images without realignment. In floating axis system, geometric center of the left ventricle is defined for both end-diastolic and end-systolic images. There was significant variation observed in the REF of septal and lateral regions when measured using fixed axis system whereas with the floating axis system, the REFs were comparable for both the lateral and septal walls. The reason for this disparity mentioned was that the cardiac long axis translates towards the septum during contraction, producing a low ejection fraction in the septum if this translation is not corrected. In our opinion, lateral walls contribute more to the regional ejection fraction compared with the septum as they have more space to expand resulting in greater force generated as supposed by the Frank-Sterling law of force of contraction. This is supported by our results Global ejection fraction provides important diagnostic and prognostic information following myocardial infarction. The myocardium undergoes complex compensatory changes that help to restore the myocardial function [20] . As a result of these compensatory changes, global ejection may be normal in certain cases due to hyperkinesias of the normal segments [7, 8] ; thereby global ejection fraction may not be true indicator of regional function. Information of REF may provide indirect evidence of improved myocardial function after revascularization and may be used to evaluate efficacy of new treatment strategies such as regenerative cell therapy [21, 22] .
Results
We also evaluated the role of REF in detecting myocardial perfusion defects seen on SPECT images of the heart. This study has limitations including its observational retrospective design. The MDCT, SPECT and ICA were performed at different times but within 3 months of each other. The control group was defined based on zero CAC score and normal global and regional myocardial function. These patients did not undergo SPECT imaging for myocardial perfusion defect. SPECT images were not gated, so we cannot get wall motion information and REF from SPECT images. We did not have detailed clinical information regarding myocardial infarctions. The study was performed on retrospectively acquired images. With increasing awareness about radiation exposure and recent advancements in radiation reduction techniques [23] , prospectively acquired images are increasingly being utilized for CAD evaluation. But REF analysis will be helpful in patients where cardiac MDCT will be performed to rule out perfusion defects and functional consequences of a significant coronary luminal narrowing.
Conclusion
This study provides a reference standard for defining abnormal REF. This also shows that computerized assessment of REF analysis is comparable to SPECT in predicting ischemia and a better predictor of significant stenosis than SPECT. With current trends towards prospectively gated cardiac CT imaging and awareness regarding the radiation dosing, the number of helical acquired scans are decreasing. But in patients where helical MDCT scans are performed for LVEF and wall motion analysis, contrast enhanced CT scans will provide information not only for the degree of coronary luminal narrowing but can also be used to determine important functional information such as REF which Conflict of interest None of the authors have received any funding for this study from any institution. As for industrial financial disclosure, there is none. 
